Effective document compression algorithms require scanned document images be first segmented into regions such as text, pictures and background. In this paper, we present a document compression algorithm that is based on the 3-layer (foreground/mask/background) MRC (mixture raster content) model. This compression algorithm first segments a scanned document image into different classes. Then, each class is transformed to the 3-layer MRC model differently according to the property of that class. Finally, the foreground and the background layers are compressed using JPEG with customized quantization tables. The mask layer is compressed using JBIG2. The segmentation is optimized in the sense of rate-distortion for the 3-layer MRC representation. It works in a closed loop fashion by applying each transformation to each region of the document and then selecting the method that yields the best rate-distortion trade-off. The proposed segmentation algorithm can not only achieve a better rate-distortion trade-off, but also produce more robust segmentations by eliminating those misclassifications which can cause severe artifacts. At similar bit rates, our MRC compression with the ratedistortion based segmentation can achieve a much higher subjective quality than state-of-the-art compression algorithms, such as JPEG and JPEG-2000.
INTRODUCTION
To achieve high quality document reproduction and rendering, paper documents must be scanned at a minimum of 400-600 dpi (dots per inch). A single page of a color document scanned at 400-600 dpi requires approximately 45-100 Megabytes of storage. Consequently, practical systems for processing color documents require document compression methods that achieve high compression ratios with very low distortion.
Since document images contain well defined regions with distinct characteristics, such as text, line graphics, continuous-tone pictures, halftone pictures and background, they are also referred as mixture raster content (MRC). Traditional compression algorithms, such as JPEG, tend to perform poorly on document images, because these algorithms assume that the input image is spatially homogeneous. Therefore, new compression approaches need to be developed for MRC applications.
Most existing MRC compression algorithms can be crudely classified as block-based approaches and layerbased approaches. Block-based approaches 1-4 segment non-overlapping blocks of pixels into different classes, and compress each class differently according to its characteristics. On the other hand, layer-based approaches [5] [6] [7] [8] partition a document image into different layers, such as the background layer and the foreground layer. Then, each layer is coded as an image independently from other layers. Most layer-based approaches use the 3-layer (foreground/mask/background) representation proposed in the ITU's Recommendations T.44 for mixed raster content (MRC). The foreground layer contains the color of text and line graphics, and the background layer contains pictures and background. The mask is a bi-level image which determines, for each pixel in the reconstructed image, if the foreground color or the background color should be used.
The performance of a document compression system is directly related to the segmentation algorithm used to produce the binary mask. A good segmentation can not only lower the bit rate, but also lower the distortion.
On the other hand, those artifacts which are most damaging are often caused by misclassifications. Some segmentation algorithms which have been proposed for document compression use features extracted from the discrete cosine transform (DCT) coefficients to separate text blocks from picture blocks. 1, 3 Other segmentation algorithms are based on the features extracted directly from the input document image. 5, 9 However, most of these algorithms segment a document image based solely on the document image. They do not consider the compression algorithms used for each class and the rate-distortion trade-off preferred by a user. Therefore, we refer to these algorithms as direct segmentation algorithms.
One approach to designing a good document coder is to optimized the operational rate-distortion. 4, 10, 11 In fact, operational rate-distortion methods have come into wide use for image and video coders. 12 In previous work, de Queiroz, Fan and Tran applied these techniques to finding optimal thresholds for block segmentation. 10 Cheng and Bouman used the rate-distortion optimization criteria to compute the document segmentation that produced approximately the best quality/bit rate trade-off for each document being compressed. 4, 11 However, this segmentation is optimized for a block based document compression system rather than the more standard layer based MRC compression.
In this paper, we present rate-distortion based segmentation algorithm which supports the standard 3-layer MRC format and is based on conventional JPEG compression for the foreground and background layers. The algorithm first segments 8 × 8 non-overlapping blocks of pixels into different classes, such as text, picture and background. Then, each block is represented differently using a 3-layer MRC model according to the property of that class. The 8 × 8 block segmentation is computed by optimizing the actual rate-distortion performance for the image being coded. It works by first applying each class to each region of the image, and then selecting the class for each region which approximately maximizes the rate-distortion performance. The optimization is based on the measured distortion and an estimate of the bit rate for each class. Compared with direct image segmentation algorithms, the rate-distortion based segmentation has several advantages. First, it produces more robust segmentations. Intuitively, misclassifications which cause severe artifacts are eliminated because all possible classes are tested for each block of the image. In addition, it allows us to control the trade-off between the bit rate and the distortion by adjusting a weight. For each weight set by a user, an approximately optimal segmentation is computed to achieve the best rate-distortion trade-off.
We test our algorithm on both scanned and noiseless synthetic document images. Experimental results show that, in the same range of compression ratios, the 3-layer MRC with using the proposed rate-distortion based segmentation results in a much higher subjective quality than well-known compression algorithms, such as JPEG and JPEG-2000, especially in text and graphic regions,
3-LAYER MRC COMPRESSION
As shown in Fig. 1 , the 3-layer MRC model represents a document image using three layers: a foreground layer, a background layer and a mask layer. The mask layer is a binary image. It is used to determine, for each pixel in the reconstructed image whether the foreground color or the background color should be used. Let (u, v) be a 2-D vector that defines a pixel location. Denote the foreground as F , the background as B, and the binary mask as M . Then, the image reconstructed from a 3-layer MRC model, G, can be written as
Ideally, the foreground layer should contain colors of text, and the background layer should contain continuoustone, halftone pictures and background colors. Therefore, both the foreground and the background layers have significant spatially redundancy and can be compressed aggressively. On the other hand, the mask layer contains the contours of text and other fine image structures. Although the mask layer needs high spatial resolution to accurately represent text contours and fine image structures, it has only two colors, and can be compressed effectively using token based compression algorithm, such as JBIG2 [2] . Both the foreground layer and the background layer can be compressed using any compression algorithm. However, for the needs and the implementation of real-time copying and scanning applications, we compress both layers using baseline JPEG, but with different quantization tables. To use a 3-layer MRC model, a document image needs to be first segmented into foreground and background. Since in this paper, JPEG is used to compress both the foreground and the background, the segmentation of the whole image can be simplified to the segmentation of pixels into 8 × 8 blocks. For each 8 × 8 block of pixels, there are three possibilities: (1) all pixels belong to the foreground, (2) all pixels belong to the background or (3) some of pixels belong to the foreground and others belong to the background. If all pixels of an 8 × 8 block belong to foreground, the block is called a Foreground block. If all pixels of an 8×8 block belong to background, the block is called a Background block. If some pixels of the block belong to foreground and others belong to background, we call the block a Two-color block. In addition, if a Background block can be represented with only one color with acceptable distortion, it is called an One-color Background block. If a Foreground block can be represented with only one color, it is called an One-color Foreground block. Two-color blocks are effective in compressing text or line graphics. Text and line graphics need to be coded with high spatial resolution, but they can tolerate low color resolution. Therefore, for each Two-color block, a bilevel thresholding is used to extract two colors (one foreground color and one background color) and a binary mask. Finally, a Two-color block is represented with a foreground block with a constant color, a background block with a constant color and a binary 8 × 8 mask.
Background blocks should be from background regions. Blocks of continuous-tone or halftone pictures that can code well with the JPEG quality factor used for background are also classified as Background blocks. The background layer is often compressed aggressively with customized quantization tables. If the background is uniform, One-color Background blocks can be used to represent the whole block with only one color, further improving the compression.
However, in order to achieve high quality reconstruction, some "difficult" regions within continuous-tone, halftone pictures and graphics need to be compressed at a higher quality level than what is used for background. Therefore, for foreground, different quantization tables with much lower quantization steps than those used for background blocks are used for both luminance and chrominance. Other than the regions that can not be compressed well enough in background layer, foreground also contains colors of text, line arts and other detailed document regions. However, colors of text characters and line arts are often similar spatially. Therefore, they have few high frequency components, and can be compressed with lower quantization steps without significantly increasing the bit rate of the foreground.
The details of compression of each of these five classes are described in the following subsections. The flow diagram of our compression algorithm is shown in Fig. 2 . Throughout this paper, we use y to denote the original image and x to denote its 8 × 8 block segmentation. Also, y i denotes the i-th 8 × 8 block in the image, where the blocks are taken in raster order, and x i denotes the class label of block i, where 0 ≤ i < L, and L is the total number of blocks. The set of class labels is then N = {T wo, OnB, OnF, F gd, Bgd}, where T wo, OnB, OnF, F gd, Bgd represent Two-color, One-color Background, One-color Foreground, Foreground and Background blocks, respectively.
MRC Representation of One-color Background and One-color Foreground Blocks
Each One-color Background block and One-color Foreground block is represented by a 24-bit color. For a Onecolor Background block y i , we first extract the mean color of the block. Then, set all pixels of the corresponding block in the background layer with the mean color, and set all pixels of the corresponding block in the foreground layer with the mean color of the previous block, y i−1 , in raster order. The corresponding block in the mask layer is set to 0 indicating that the whole block belongs to the background layer.
Similarly, we set all pixels of One-color Foreground blocks in the foreground layer to the mean colors of the corresponding blocks in the original image, and set all pixels of One-color Foreground blocks in the background layer with the mean colors of their previous blocks in raster order. The corresponding block in the mask layer is set to 1 since these blocks belong to the foreground layer.
MRC Representation of Two-color Blocks
The Two-color class is designed to compress blocks which can be represented well by two colors, such as text blocks. Since Two-color blocks need to be coded with high spatial resolution, but can tolerate low color resolution, each Two-color block is represented by two 24-bit colors and a binary mask. The bilevel thresholding algorithm that we use for extracting the two colors and the binary mask uses a minimal mean squared error (MSE) thresholding followed by a spatially adaptive refinement. The algorithm is performed on two block sizes. First, 8 × 8 blocks are used. But sometimes an 8 × 8 block may not contain enough samples from both color regions for a reliable estimate of the colors of both regions and the binary mask. In that case, a 16 × 16 block centered at the 8 × 8 block will be used instead.
The minimal MSE thresholding algorithm is illustrated in Fig. 3 . For a Two-color block y i , we first project all colors of y i onto the color axis α * which has the largest variance among three color axes. The thresholding is done only on α * . Since we are mainly interested in high quality document images where text is sharp and the noise level is low, the projection step significantly lowers the computation complexity without sacrificing the quality of the bilevel thresholding. For a threshold t on α * , t partitions all colors into two groups. Let E i (t) be the MSE, when colors in each group are represented by the mean color of that group. We compute the value Figure 3 . Minimal MSE thresholding. We use α * to denote the color axis with the largest variance, and β * to denote the principle axis. t * is the optimal threshold on α * , and x's are the samples projected on α * . t * which minimizes E i (t). Then, t * partitions the block into two groups, G i,0 and G i,1 , where the mean color of G i,0 has a larger l 1 norm than the mean color of G i,1 . Let c i,j be the mean color of G i,j , where j = 0, 1. Then, c i,0 1 > c i,1 1 is true for all i. We call c i,0 the background color of block i, and c i,1 the foreground color of block i. The binary mask which indicates the locations of G i,0 and G i,1 is denoted as b i,m,n , where b i,m,n ∈ {0, 1}, and 0 ≤ m, n ≤ 7.
The minimal MSE thresholding usually produces a good binary mask. But c i,0 and c i,1 are often biased estimates. This is mainly caused by the boundary points between two color regions since their colors are a combination of the colors of the two regions. Therefore, c i,0 and c i,1 need to be refined. Let a point in block i be an internal point of G i,j , if the point and its 8-nearest neighbors all belong to G i,j . If a point is not an internal point of either G i,0 or G i,1 , we call it a boundary point. Also, denote the set of internal points of G i,j asG i,j . IfG i,j is not empty, we set c i,j to the mean color ofG i,j . WhenG i,j is empty, we can not estimate c i,j reliably. In this case, if the current block size is 8 × 8, we will enlarge the block to 16 × 16 symmetrically along all directions, and use the same bilevel thresholding algorithm to extract two colors and a 16 × 16 mask. Then, the two colors extracted from the 16 × 16 block are used as c i,0 and c i,1 , and the middle portion of the 16 × 16 mask is used as b i,m,n . IfG i,j is empty, and the current block is a 16 × 16 block, c i,j will be used as it is without refinement.
For a Two-color block, the corresponding pixels in background are set to the background color {c i,0 |x i = T wo}, and the corresponding pixels in foreground are set to the foreground color {c i,1 |x i = T wo}. The mask values are set to b i,m,n .
MRC Representation of Foreground and Background Blocks
For a Foreground block, y i , copy the original block to the foreground, set pixels of the background to the mean color of the previous background block, y i−1 , in raster order, and set the block in the mask to 1.
Similarly, for a Background block, y i , copy the block to background, set pixels of the foreground to the mean color of the previous foreground block, y i−1 , in raster order, and set the block in the mask to 0.
Compression of 3-Layer MRC
The foreground and background layers are both compressed using JPEG. For the experiments, the background layer is compressed using quantization tables similar to the standard JPEG quantization tables at quality level 20; however, the quantization steps for the DC coefficients in both luminance and chrominance are set to 15. The foreground layer is compressed using the standard JPEG quantization tables at quality level 30. The mask layer is compressed by a JBIG2 coder using the lossless soft pattern matching technique.
RATE DISTORTION BASED SEGMENTATION FOR MRC
In order to segment each 8 × 8 block of pixels into the five classes discussed in section 2, we propose a ratedistortion optimized segmentation. A number of segmentation algorithms have been proposed to segment a document image into foreground and background.
1, 3, 5, 9-11 Most of these algorithms are direct segmentation algorithms. Direct segmentation algorithms segment a document image based solely on the document image. In contrast, the rate-distortion based method works in a closed loop fashion by applying each coding method to each region of the document and then selecting the method that yields the best rate-distortion trade-off. The rate-distortion based method insures that each block is coded using the method which is best suited for it. This results in more robust segmentations which yield a better rate-distortion trade-off at every quality level. The rate-distortion approach proposed in this paper is closely related to the approach introduced in.
11 However, the previous approach is designed for a block based document compression system called the multilayer compression system, not the more standard 3-layer MRC representation.
Let R(y|x) be the number of bits required to code y with block segmentation x, and D(y|x) be the total distortion resulting from coding y with segmentation x. Then, the rate-distortion based segmentation, x * , is
where λ is a non-negative real number which controls the trade-off between bit rate and distortion. In our approach, we assume that λ is a constant controlled by a user which has the same function as the quality level in JPEG. In addition, since the segmentation is only used to guide the compression and not used in the reconstruction. The block segmentation map does not need to be sent to the decoder. Therefore, no bits are required for the segmentation map.
To compute the rate-distortion based segmentation, we need to estimate the number of bits required for coding each block as each class, and the distortion of coding each block as each class. For computational efficiency, we assume that the number of bits required for coding a block only depends on the image data and class labels of that block and the previous block in raster order. We also assume that the distortion of a block can be computed independently from other blocks. With these assumptions, (1) can be rewritten as
where R i (x i |x i−1 ) is the number of bits required to code block i using class x i given x i−1 , and D i (x i ) is the distortion produced by coding block i as class x i . After the rate and distortion are estimated for each block using each coder, (2) can be solved by a dynamic programming technique similar to that used in.
14 An important aspect of our approach is that we use a class-dependent distortion measure. This is desirable because, for document images, different regions, such as text, background and pictures, can tolerate different types of distortion. For example, errors in high frequency bands are less important in background and picture regions, but they can cause severe artifacts in text regions.
In the following sections, we specify how to compute the rate and distortion terms for the 3-layer MRC model. The expressions for rate are often approximate due to the difficulties of accurately modeling high performance coding methods such as JBIG2. However, our experimental results indicate that these approximations are accurate enough to consistently achieve good compression results.
Bit Rate Estimate
Although the five different classes, (T wo, OnB, OnF, F gd, Bgd), are transformed to the 3-layer MRC model differently, they are all represented by one 8 × 8 block in the foreground, one in the background and one in the mask layer. Therefore, the number of bits required for coding any block consists of the number of bits required for the foreground, the number of bits for the background and the number of bits for the mask. However, the distortion measure for Two-color blocks is different from the other four classes. Its distortion measure is designed with the following considerations. In a scanned image, pixels on the boundary of two color regions tend to have a color which is a combination of the colors of both regions. Since only two colors are used for the block, the boundaries between the color regions are usually sharpened. Although the sharpening generally improves the quality, it gives a large difference in pixel values between the original and the reconstructed images on boundary points. On the other hand, if a block is not a Two-color block, a third color often appears on the boundary. Therefore, a desired distortion measure for Two-color coder should not excessively penalize the error caused by sharpening, but should produce a high distortion value, if more than two colors exist. Also, desirable Two-color blocks should have a certain proportion of internal points. If a Two-color block has very few internal points, the block usually comes from background or halftone background, and it can not be a Two-color block. To handle this case, we set the cost to the maximal cost, if the number of internal points is less than or equals to 8. The distortion measure for the Two-color block is defined as follows. Define I i,m,n as an indicator function.
where |G i,j | is the number of elements in the setG i,j , and d(y i,m,n ;c i,0 ,c i,1 ) is the distance between y i,m,n and the line determined byc i,0 andc i,1 . As illustrated in Fig. 4 , if a color c is a combination of c 1 and c 2 , c will be on the line determined by c 1 and c 2 , d(c; c 1 , c 2 ) = 0. Therefore, for boundary points of Two-color blocks, d(y i,m,n ;c i,0 ,c i,1 ) is small. However, if a third color does exist on a boundary point, d(y i,m,n ;c i,0 ,c i,1 ) tends to be large.
EXPERIMENTAL RESULTS
For our experiments, we use an image database consisting of 30 scanned and one synthetic document image. The scanned documents come from a variety of sources, including ASEE Prism and IEEE Spectrum. These documents are scanned at 400 dpi and 24 bits per pixel (bpp) using the HP flat-bed scanner, scanjet 6100C. A large portion of the 30 scanned images contain halftone background and have ghosting artifacts caused by printing on the reverse side of the page. These images are used without pre-processing. The synthetic image shown in Fig. 5 (a) * has a complex layout structure and many colors. It is used to test the ability of a compression algorithm to handle complex document images. Fig . 5 shows the experimental result using the synthetic document image. The original image is shown in grayscale in Fig. 5(a) . Fig. 5(b), Fig. 5(c) and Fig. 5(d) are the mask layer, the foreground layer and the background layer, respectively, resulting from the proposed MRC compression with the rate-distortion based compression. The image is compressed at 0.1085 bpp (bit per pixel), which achieves a 221:1 compression.
In Fig. 6-Fig. 9 , we compare the quality of reconstructed images compressed using the proposed algorithm with the ones compressed using JPEG-2000 verification model 8.6 at similar bit rate. Fig. 6-Fig. 7 are regions from the synthetic test image. Fig. 8-Fig. 9 are regions from a scanned document image. From all four figures, we can see that the proposed algorithm achieves much higher quality than JPEG-2000 at the similar bit rate.
CONCLUSION
In this paper, we propose a spatially adaptive compression algorithm for document images using the 3-layer MRC model, and a rate-distortion based segmentation algorithm. This algorithm first segments a scanned document image into different classes. Then, each class is represented using 3-layer MRC model differently according to the property of that class. The segmentation is performed by optimizing a rate-distortion performance over the entire image with respect to a rate-distortion trade-off selected by an user. Since each block is tested on all classes, the rate-distortion based segmentation can eliminate severe misclassifications, such as misclassifying a Two-color block as a One-color block. Experimental results show that at similar bit rates, our algorithm can achieve a higher subjective quality than well-known coders such as JPEG-2000. 
